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Abstract - This paper reports on prospective
tests of a system protection scheme against long-
term voltage instability relying on a set of distributed
controllers, each monitoring a transmission voltage,
blocking tap changers and shedding loads in a zone.
The emergency actions adjust in magnitude and loca-
tion to the disturbance. Each controller acts in closed-
loop, which guarantees robustness. The method is il-
lustrated on a real-life model of the Western region of
the RTE system. The choice of the controller settings is
discussed in some detail and examples of performance
are given, combining the above remedial action with
capacitor switching and secondary voltage control.
Keywords - voltage stability, emergency control,
system protection schemes, tap changer blocking,
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1 Introduction
There are two lines of defence against voltage in-
stability and the associated risk of system blackout
[1, 2]:
• preventively: check system security margins
with respect to “credible” (typically N-1)
events. To this purpose, it is quite common to
compute load power margins, i.e. the largest
load increase that the system can accept in its
present configuration, so that its response to
the incident remains acceptable;
• correctively: face more severe disturbances
leading to emergency conditions through Sys-
tem Protection Schemes (SPS), i.e. protections
designed to detect abnormal conditions and
take predetermined corrective actions (other
than the isolation of the faulted elements) to
preserve as far as possible system integrity and
regain acceptable performances [3].
This paper deals with the second aspect and fo-
cuses on long-term voltage instability. In this con-
text, several actions can be taken in emergency con-
ditions:
• switching shunt compensation;
• raising generator voltages, which increases the
maximum power deliverable to loads but obvi-
ously becomes ineffective once the generators
reach their excitation limits;
• blocking transformer Load Tap Changers
(LTCs) on their current positions. Alterna-
tively, the taps can be moved and locked to pre-
determined positions or their voltage setpoints
can be decreased [4, 5]. All these techniques
aim at stopping the load power restoration and
take advantage of load sensitivity to voltage;
• shedding load, which is very effective if per-
formed at the right location and in due time and
amount [6, 7, 8, 9].
The first three actions listed above have been in
use at RTE for some time [3, 10]. Shunt capacitors
are automatically switched at HV buses of EHV/HV
transformers, upon detection of a low voltage con-
dition at the corresponding EHV bus. Generator
voltages are controlled in a coordinated way by sec-
ondary voltage control [11]. The latter aims at keep-
ing the voltages of pilot buses near setpoint values
while sharing the reactive effort among the genera-
tors according to their capabilities. Although mainly
designed to operate in normal conditions, secondary
voltage control contributes to increasing generator
voltages in emergency situations and helps restoring
transmission grid voltages. Finally, the taps of the
HV/MV transformers controlling the MV distribu-
tion buses are blocked on their current position upon
detection of a low voltage condition at one key EHV
bus within the region. Under the same conditions,
the taps of EHV/HV transformers that normally con-
trol HV bus voltages are moved to a pre-determined
position aimed at preserving EHV voltages to the
detriment of HV ones. The same taps, however,
are merely blocked if their current position is more
favourable to the EHV voltages than the predefined
locking position. This blocking/locking scheme was
shown in many simulations to be a successful coun-
termeasure, and indeed helped preserving system op-
eration on a few occasions.
The present prospective study was performed in
order to assess the performance of load shedding as
an additional line of defence. To this purpose, the
design proposed in [9] was investigated. It consists
of a set of distributed controllers, each monitoring
transmission voltages in a zone and controlling a
group of related loads. In the course of testing this
scheme, the possibility was considered to also per-
form tap changer blocking/locking in a distributed
manner, which represents an improvement with re-
spect to [9].
The main features of the proposed scheme are as
follows:
• response-based protection: load shedding re-
lies on voltage measurements which reflect the
initiating disturbance and the actions taken so
far by the SPS and by other controllers;
• closed-loop protection: the SPS can be acti-
vated several times, on the basis of the mea-
sured result of previous activations. This
closed-loop feature allows the load shedding
controllers to adapt their actions to the severity
of the disturbance. Furthermore, it increases
the robustness with respect to operation fail-
ures as well as system behaviour uncertainties
[7]. This is important in voltage instability,
where load plays a central role but its compo-
sition varies with time and its behaviour under
large voltage drops may not be known accu-
rately;
• distributed protection: load is shed first where
voltages drop the most. This location changes
with the disturbance, allowing the scheme to
automatically adjust the shedding location to
the disturbance it faces. Similarly the tap
changers are blocked only where needed, al-
lowing distribution voltages to be restored in
the zones that are less effective in protecting
the system. Furthermore, the multi-controller
nature of the scheme brings some redundancy
that increases robustness against individual
controller failures [9].
2 Principle of the system protection scheme
2.1 Load shedding scheme
The load shedding scheme relies on a set of con-
trollers distributed over the region prone to voltage
instability. Each controller monitors the voltage V
at a transmission bus and acts on a set of loads lo-
cated at distribution level and having influence on V .
Sub-transmission networks may exist in between the
monitored and the controlled buses, as sketched in
Fig. 1. Note that not all transmission buses need to
be monitored, and not all loads need to be controlled.
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Figure 1: Overall structure of the distributed scheme (voltage
levels relate to RTE system)
The decision by a controller to shed load is based
on the comparison of V with a threshold value V sh.
If a (severe) disturbance causes V to become smaller
than V sh, the controller sheds an amount ∆P sh of
load power after a delay τ . Both ∆P sh and τ depend
on the dynamic evolution of V , as detailed hereafter.
Let t0 be the time where measurement V be-
comes smaller than V sh. A first block of load is shed




V sh − V (t)
)
dt = C (1)
Thus, the C constant has to do with the shedding de-
lay τ . The larger C , the more time it takes for the
integral to reach this value and hence, the slower the
action. Furthermore, the deeper the voltage drops,
the less time it takes to reach the value C and, hence,
the faster the shedding.
The delay τ is lower bounded:
τmin ≤ τ (2)
to prevent the controller from reacting on a nearby
fault (in normal situations time must be left for the
protections to act and the voltage to recover to nor-
mal values).
The amount of load shed by the controller at
t0 + τ is given by:
∆P sh = K ·∆V av (3)
where ∆V av is the average voltage drop over the







V sh − V (t)
)
dt (4)
The above relationships transpose voltage drop sever-
ity into load shedding amplitude: the larger V sh−V ,
the larger ∆V av and, hence, the larger the amount
of load shed. The same holds true when the gain K
increases. Through (4) the voltage drop is averaged
over time in order to filter out transients and mea-
surement noise. Another reason for having τ large
enough is the accurate computation of the integral in
(1) and (4).
The controller acts by opening distribution circuit
breakers and may disconnect interruptible loads only.
Hence, the minimum load shedding corresponds to
the smallest load whose breaker can be opened, while
the maximum shedding corresponds to opening all
the manoeuvrable breakers. Furthermore, to prevent
unacceptable transients, it may be appropriate to limit
the power disconnected in a single step to some value












where Pk denotes the individual load power behind
the k-th circuit breaker under control, and the mini-
mum and sum extend over all manoeuvrable and not
yet opened breakers.
Note that the sequence is repeated until the volt-
age is restored above the threshold. At the time the
controller sheds load, the integral in (1, 4) is reset to
zero, t0 is set to the current time, and the controller
is ready to act again as long as V < V sh, and pro-
vided that load is available to do so. This repeated
action capability yields the closed-loop behaviour in
the sense explained in the Introduction. Another role
of the delay τ is to leave time for the controller to as-
sess the effect of the actions taken both by itself and
by the other controllers.
The control logic focuses on active power but
load reactive power is obviously reduced together
with active power. In the absence of more detailed
information, we assume that both powers vary in the
same proportion. In [9] the scheme was shown to be
robust with respect to unexpected changes of load re-
active power.
2.2 Tap changer blocking scheme
The tap changer blocking scheme is assumed to
operate in the same zones as load shedding. This is,
however, a one-shot control. Namely the taps of a
zone are blocked or locked once the monitored volt-
age V drops and remain below a threshold V bl for
some time τ ′ .
2.3 Overall architecture
The proposed scheme was initially meant to oper-
ate in a fully distributed way, each controller using lo-
cal information and taking local actions, as for under-
frequency load shedding. In particular, the scheme
operates without resorting to a dedicated communi-
cation network. The controllers do not exchange in-
formation, but are rather informed of their respective
actions through the system itself. Indeed, when a
controller sheds load, the resulting voltage increase
slows down or inhibits the nearby controllers. This is
made possible by the fact that voltages have no “in-
ertia”.
Neither do the controllers require a model of the
system. This and the absence of communication
makes the protection scheme simpler and hence more
reliable.
This purely distributed scheme was shown in [9]
to operate reliably. Now, one may think of imple-
menting this scheme in a centralized way, by col-
lecting all voltage measurements at a central point,
running the computations involved in Eqs. (1-5) in
a single processor, and sending back emergency or-
ders. In this case, additional information exchanges
and interactions between controllers may be envis-
aged without further penalizing the scheme. How-
ever, telecommunication delays and possible failures
should then be considered when evaluating perfor-
mance and reliability.
2.4 Tuning the controller parameters
The tuning mainly consists of choosing the best
values for V sh, V bl, C and K. The bounds τmin and
∆P shtr can be chosen by engineering judgement.
First, attention should be paid to choosing proper
values of V sh and V bl. Several conflicting require-
ments have to be satisfied. Namely V sh should be:
• low enough so that it does not act in a sce-
nario with acceptable post-disturbance system
response
• high enough so that post-disturbance voltages
remain at an acceptable value
• high enough to avoid shedding too late, which
in turn may require to shed more
• low enough to let other stabilizing controls act,
such as tap changer blocking.
while V bl should be:
• sufficiently higher than V sh to favour tap
changer blocking with respect to load shedding
• low enough so that it does not act in a sce-
nario with acceptable post-disturbance system
response (same as above).
Next, C and K should be chosen so that, over
the whole set of scenarios, the protection sheds as
few load as possible, while keeping these parameters
away from values that could cause protection failure.
Using the same C and K values for all controllers
makes the design definitely simpler. We did not find
practical evidence that individual values would yield
substantial benefits. Therefore, this simplification is
adopted throughout the remaining of the paper.
Further aspects are considered in the next section.
3 Design of the controllers
Preliminary tests of the above described scheme
have been performed on the Western region of the
RTE system. The assumptions made in these tests
are discussed in the present section, while illustrative
examples are given in the next one.
3.1 System model
The model includes 4563 buses, 148 synchro-
nous generators, 2 Static Var Compensators, 3904
lines and 2028 transformers. It involves the main
transmission grid of France and, for its Western re-
gion, a detailed representation of the (90 and 63-kV)
sub-transmission networks as well as the transform-
ers feeding the 20-kV distribution buses. Loads at
these MV buses are represented with an exponential
model.
The long-term dynamics are driven by 1346
LTCs with various delays, by overexcitation limiters
of generators, and by secondary voltage regulators.
The Western region is equipped with coordinated
secondary voltage control, while in the remaining of
the system, the older PI controllers are used to this
purpose [11]. LTCs control both sub-transmission
and distribution voltages, as shown in Fig. 1. Finally,
37 shunt capacitors at sub-transmission level are au-
tomatically switched on, each upon detection of low
voltage at the nearest transmission bus.
The system responses have been obtained by
Quasi Steady-State (QSS) simulation [2], using a
time step of 1 second and a simulation interval of 900
seconds. Thus, electromechanical transients are not
simulated, which is acceptable considering that the
protection scheme will not act in less than 3 seconds.
3.2 Criterion of acceptable evolution
The criterion to accept a post-disturbance evolu-
tion was that all transmission voltages remain above
0.8 pu. It may happen that voltages recover even af-
ter reaching this low value, thanks to secondary volt-
age control, but this was not accepted considering the
nuisance for customers and the lack of reliability of
the load model. In addition, it was verified that no
field-current limited generator had its voltage below
the minimum imposed by plant auxiliaries.
3.3 Assigning loads to the distributed controllers
To locate the controllers, an existing decomposi-
tion of the region into 79 load areas, corresponding to
distribution districts, was considered. This initial par-
tition was simplified to eliminate small areas, avoid
having EHV monitored buses radially connected to
the remaining of the transmission system, etc. This
led to 51 zones, with load power ranging from 61 to
475 MW. Each of them was assigned to an EHV bus,
whose voltage is monitored as explained previously.
The total load in the 51 zones is 10600 MW.
Furthermore, while enumerating all combina-
tions of pre-contingency state, contingency and (V sh,
C , K) parameters, it was observed that only 25 of the
controllers were effectively responding. The zones of
these 25 controllers are denoted Z1, . . . , Z25 in the
sequel.
Finally, when the (V sh, C , K) parameters are set
to their optimal values, only 14 out of these 25 con-
trollers act. This yields a valuable indication of the
minimal number and location of controllers to install
in the system, at least for the set of scenarios consid-
ered.
As can be seen, no attempt was made to define
the areas according to the voltage behaviour of the
system.
As regards the controllability of distribution cir-
cuit breakers, the following simplifying assumptions
were made. Load is shed in steps of 2.5 % of the
power initially consumed in the zone. Thus, the
amount of power cut at one time is determined from
(3) and rounded to the nearest larger multiple of the
2.5 % step. All loads in a zone are decreased ho-
mothetically. A maximum interruptible fraction of
40 % of the initial power has been assumed. Reactive
power reduction preserves the initial power factor. As
shown in [9], a strength of the proposed closed-loop
scheme is the ability to compensate for unforeseen
load (and load shedding) behaviour. The minimum
delay before shedding τmin has been set to 3 seconds.
As already mentioned, the same zones were used
for the blocking/locking of LTCs. The scheme
presently used by RTE at the region level and out-
lined in the Introduction, was assumed inside each
zone. The delay τ ′ before blocking/locking the taps
has been set to 3 seconds, as there is no point in fur-
ther delaying this one-shot control.
These delays, significantly shorter than those
presently in effect, would require new communica-
tion equipments. The latter would serve the twofold
objective of tap blocking/locking and load shedding.
3.4 Scenarios used to tune the SPS
A set of 361 contingencies was considered, in-
cluding 350 single outages (N-1 incidents) and 11
busbar faults (cleared by opening all equipments con-
nected to the bar) affecting the Western region.
Only two (busbar fault) contingencies led to
voltage instability at the base case operating point.
Therefore, to include further stressed situations, we
computed for each contingency the maximum pre-
disturbance load power increase that can be accepted
before the contingency yields unacceptable system
response. To this purpose, load was increased uni-
formly over the region, up to a maximum of 500
MW/100 Mvar. Nine additional contingencies were
found to have a margin lower than this maximum.
This led to designing the protection scheme on the
basis of:
• 359 stable scenarios : 350 with the system at
maximum stress, and 9 at marginally accept-
able stress;
• 22 unstable scenarios : 2 in base case, 9 at mar-
ginally unacceptable stress and the same 11 at
maximum stress.
3.5 Setting V sh and V bl
V sh and V bl were chosen to meet the require-
ments listed in Section 2.4 in the best possible way.
First, we determined the lowest voltage reached
at the 51 monitored EHV buses after each of the N-1
contingencies, with the system operating at either
maximum or marginally stable stress. This minimum
voltage was found to be 0.92 pu, except for two con-
tingencies with local effects leading to respectively
0.87 and 0.86 pu in one area. Hence, to avoid shed-
ding load following N-1 events with acceptable sys-
tem response, V sh should be set a little below 0.92
pu, except in that area, where it should be chosen a
little below 0.86 pu.
On the other hand, it was found that V sh should
not be set below 0.85 pu to leave the controllers a
chance to shed load before the unacceptable value of
0.80 pu is reached.
If the protection consisted of load shedding only,
there would be some advantage in setting V sh to -
say - 0.90 pu instead of 0.85 pu as it would lead to
shedding a little less power in most (but not all) of
the 22 unstable scenarios.
However, when combining LTC block-
ing/locking and load shedding, much less load is shed
(as will be shown in the next section) and hence there
is no significant drawback in setting V sh to 0.85 pu.
On the contrary, this allows to set V bl to 0.90 pu,
and hence give precedence to LTC blocking/locking.
With V bl = 0.90 pu, LTC will be blocked/locked
in one area following the two acceptable N-1 con-
tingencies already mentioned. The impact is much
lower than load shedding, but if it was not deemed
acceptable, a lower V bl threshold could be taken in
those two areas.
3.6 Setting C and K
The best value of the parameter vector p =
[C K] can be defined as the one minimizing the av-







where P sh(sj ,p) denotes the power shed in the j-th
scenario sj (j = 1, . . . , s) with the protection
parameters set to p. Since a convex optimization
method cannot be used, discretized values of p were
enumerated, with C ∈ {0, 0.1, ..., 0.5} and K ∈
{0, 100, ..., 3000}. Out of 186 so-defined values of
p, 15 led to violating the 0.8 pu minimum voltage cri-
terion after at least one contingency, and hence were
no longer considered. The best values according to
this criterion are C = 0 pu.s and K = 1000 MW/pu.
As an illustration, Figure 2 shows the variation
of P¯ sh (computed over the s = 22 unacceptable sce-
narios) as a function of C and K. The gray parts
represent successful protection operation, the darkest
points corresponding to the smallest amount of power
cut. This diagram confirms that choosing C = 0 and
K = 1000 leads to shedding less load on the average.
More importantly, it shows that this combination is
far enough from the white area corresponding to pro-
tection malfunction, which guarantees robustness.
Note that weighting factors could be entered in
(6) to account for the fact that a busbar fault is less
probable than an N-1 outage, that it is more probable
to operate at lower stress, etc.



















Figure 2: Average load shedding P¯ sh (in MW) for various val-
ues of C and K
An alternative way of assessing the performance
of a given parameter vector pi consists of counting
the total number of (scenario, parameter) pairs in
which more load was shed to save the system, i.e.
the number of (sj ,pk) combinations such that:
P sh(sj,pk) > P
sh(sj ,pi) j = 1, . . . , s; pk 6= pi
The best settings are those for which that number is
the largest. This criterion led to choosing C = 0 and
K = 2500 MW/pu. Figure 2 suggests that P¯ sh does
not increase much when choosing these values of C
and K.
It is interesting to note that both criteria lead to a
load shedding protection that acts fast once the V sh
threshold is crossed. Indeed, C = 0 means that the
delay τ was set at its minimum τmin = 3 seconds.
3.7 Suboptimality of the SPS tuning
Clearly, by tuning the protection over a set of
scenarios, its performance in a particular scenario
is lower than if it was tuned for that particular sce-
nario. This is confirmed by Table 1 which provides
the amount of load shed in response to 8 contingen-
cies, with the system operating at marginally unac-
ceptable and maximum stress, respectively. No tap
changer blocking was considered in this case.
Table 1: Total power (in MW) shed by individually or globally
optimized protection
marginally maximum
contin- unacceptable stress stress
gency IO GO IO GO
1 33.6 43.6 55.4 65.7
2 153.1 245.5 260.4 322.2
3 126.8 211.7 240.2 454.5
4 170.3 261.0 281.5 417.7
5 24.0 30.0 159.3 363.6
6 153.8 315.2 239.4 387.7
7 42.3 48.3 104.2 147.1
8 90.6 222.0 256.2 269.5
The columns labeled “GO” relate to the global
optimization (i.e. over the whole set of scenarios)
while the columns labeled “IO” relate to the protec-
tion optimized for each scenario individually. The
differences between “GO” and “IO” results remain
acceptable, and even small in some cases. They are
the price to pay for having a single response-based
protection dealing with many situations (as opposed
to an event-based protection relying on the identifi-
cation of the disturbance).
The table shows that the amount of shed load
increases with the system pre-contingency stress,
which is also to be expected.
4 Examples of protection performance
4.1 Distributed load shedding alone
Figure 3 shows the evolution of the voltage at
one of the EHV buses monitored by the protection
scheme, without and with load shedding, respec-
tively. No tap changer blocking has been considered
in this case. This situation could correspond to a fail-
ure of the existing tap blocking scheme, compensated
by load shedding.
The dotted curve in the figure shows that, without
emergency control, the voltage drops very quickly
under the effect of the contingency (applied at
t =10 s). With load shedding, on the other hand,
several controllers act and prevent voltage from ap-
proaching the 0.80 pu lower limit. Instead, it re-
mains around V sh = 0.85 pu, before increasing un-
der the effect of secondary voltage control. The lat-
ter stops operating when the local generators switch
under field current limit and regains control when


















Figure 3: Evolution of voltage at one monitored EHV bus with-
out emergency control and with load shedding
4.2 Distributed tap changer blocking/locking alone
We consider now the operation of the distrib-
uted tap changer blocking/locking scheme alone (i.e.
without load shedding). Figure 4 shows the evolution
of voltages at the EHV buses monitored by five con-
trollers reacting to the disturbance. The latter is the
same as in Fig. 3 but, here, the system evolution is
unacceptable.
The explanation is easily found from the fig-
ure. Immediately after the disturbance, the taps are
blocked in zone Z5, under the effect of the voltage
falling below 0.90 pu. Elsewhere, the taps keep on
moving and EHV transmission voltages keep on de-
creasing, which leads other zones to block their taps,
for instance Z6 at t = 80 s, Z1 at t = 99 s, etc. In the
meantime, however, voltages have decreased in the
already blocked zones since in tap blocking/locking
no attempt is made to preserve transmission voltages
(unlike the reverse control proposed in [12]). Even if
a large number of taps are eventually blocked, in the




















Figure 4: Evolution of voltages at monitored EHV buses with
distributed LTC blocking/locking
This indicates that distributed tap block-
ing/locking alone is not a sufficient measure against
voltage instability.
4.3 Combined distributed tap changer block-
ing/locking and load shedding
Figure 5 shows the evolution of the same volt-
ages when combining tap blocking/locking and load
shedding, both in their distributed form. The system


















Figure 5: Evolution of voltages at monitored EHV buses with
distributed LTC blocking/locking and load shedding
The real benefit of emergency tap control is dis-
closed in Table 2, which compares the power shed
with and without tap blocking/locking, for the con-
tingencies and stress levels already considered in Ta-
ble 1.
As can be seen, the control of tap changers al-
lows to shed significantly less load, especially when
the disturbance is severe. Increasing V bl further re-
duces the load shedding but the implication of setting
this threshold too high has been already discussed.
In the case of Fig. 5, the taps were blocked only
in Z5 and two other zones (not shown in the figure).
The corresponding contingency is the seventh one, at
maximum stress. Table 2 shows that this incident is
comparatively milder. The other disturbances lead to
controlling taps in more zones.
Table 2: Total power (in MW) shed with and without distributed
tap changer blocking/locking
marginally maximum
contin- unacceptable stress stress
gency block shed block shed
+ shed only + shed only
1 40.3 43.6 58.8 65.7
2 78.6 245.5 154.4 322.2
3 79.5 211.7 153.5 454.5
4 124.3 261.0 176.9 417.7
5 0.0 30.0 202.2 363.6
6 125.3 315.2 154.5 387.7
7 12.1 48.3 98.0 147.1
8 115.3 222.0 215.8 269.5
4.4 SPS Selectivity in terms of location
Finally we illustrate the ability of the distrib-
uted protection to adjust to the disturbance it faces.
This relates to the fact that the areas experiencing
the largest voltage drops change with the disturbance,
and different controllers are activated.
Figure 6 shows the zones in which load shedding
took place after three different contingencies. As
can be seen, the affected zones and the power shed
change significantly from one disturbance to another.






























Figure 6: Load shedding in various zones for 3 contingencies
5 Conclusion
The present blocking/locking scheme in opera-
tion at RTE was shown to be a successful counter-
measure and helped preserving system operation on
a few occasions. On the Western region, all taps are
blocked upon detection of a low voltage at one EHV
bus.
As an additional line of defence, a prospective
study of an SPS involving a set of distributed con-
trollers operating in closed-loop was made and pre-
liminary tests of this system on a detailed model of
the Western region of the RTE system are reported
in this paper. Load shedding is performed in vari-
ous predefined areas and can be supplemented by tap
changer blocking/locking in the same areas.
The results show that in case of failure of the
existing tap changer control scheme, distributed
load shedding alone can prevent system collapse.
Its combination with distributed tap changer block-
ing/locking allows to reduce the amount of load shed.
On the other hand, the results point out that distrib-
uted tap changer blocking/locking alone is not suffi-
cient.
It is thus possible to focus tap changer control on
a smaller part of the system, automatically adjusted
to the disturbance faced, but at the price of a limited
load shedding, and with an adequate communication
system.
On the other hand, the closed-loop load shedding
scheme potentially offers some advantages: (i) bring-
ing transmission voltages back to normal values, (ii)
actively preserving the system against further degra-
dation, and (iii) acting as backup protection in case
of failure of the tap changer control procedure.
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